Measurements of Mercurian topography based on
INTRODUCTION
A program of 2380 MHz radar observations of Mercury has been conducted at Arecibo Observatory since 1978. These observations have yielded an extensive set of altitude measurements over the equatorial zone of the planet. In this paper we present the altimetry results and discuss some of the possible implications for Mercurian geology.
The earliest information on Mercurian topography was provided by radar-ranging observations [Smith et al., 1970; Ingalls and Rainville, 1972] . These measurements showed that the range of altitudes on Mercury was somewhat less than had been measured for the equatorial zones of Venus and Mars. The most detailed of the Mercury radar measurements, and the last to be published, were by Zohar and Goldstein [1974] . Their data showed "hills and valleys" with 1-2 km relief and provided the first evidence of craters.
With the Mariner 10 spacecraft encounters of 1974-1975 came the first detailed look at the surface of Mercury. The Mariner 10 photographic images, which covered 45% of the planet at 0.1-4 km resolution, revealed a heavily cratered, lunar-like surface [Murray et al., 1974; Trask and Guest, 1975] . The images suggested tectonics dominated by compressive forces as manifested in the unique Mercurian scarp system. While these results were consistent with the relatively Copyright 1986 by the American Geophysical Union.
Paper number 5B5488. 0148-0227/86/005 B-5488 $05.00 subdued topography measured by earth-based radar, Mariner 10 carried no altimeter and quantitative altimetry was limited to shadow measurements of high-relief features such as craters and scarps [Gault et al., 1975; Strom et al., 1975 ] and a few photoclinometry results [e.g., Hapke et al., 1975] . In addition, many of the Mariner 10 images were obtained at unfavorable illumination angles and one entire hemisphere (the dark side at the times of encounter) was not imaged at all.
It was clear, then, that useful earth-based radar work on Mercury remained to be done and a regular program of radarranging observations of the planet was undertaken at Arecibo. In the following section we present a brief discussion of the observations and the data reduction to altitude profiles. This discussion is followed by a display of the altitude profiles irl a form which is intended to be convenient for the reader wishing to make comparisons with the U.S. Geological Survey shadedrelief and geologic maps and the Mariner 10 images. In the latter half of the paper we point out some of the more interesting features of the Arecibo altimetry, and discuss them in the context of the geological interpretations which have accumulated in the decade since the Mariner 10 encounters.
DATA ACQUISITION AND REDUCTION

Observations and Planet Coverage
The observations were made with the 2380 MHz (12.6 cm wavelength) radar on the 305-m-diameter telescope at the Arecibo Observatory in Puerto Rico. The specifications of the templates were then fit to the run-averaged delay-Doppler array to determine the time delay to the leading edge of the planet at each Doppler frequency. From these delays were subtracted the computed time delays to a reference sphere of radius 2439 km. The resultant residual delays were then expressed as altitudes relative to the reference sphere. Using the Doppler frequencies to provide an effective longitude discrimination, the final result for each run was an altitude profile along a roughly east-west linear track extending approximately 7 ø of longitude to either side of the subradar point. This is the same analysis technique used by Ingalls and Rainville [1972] and Shapiro et al. [1972] , and the reader is referred to these papers for a more detailed explanation. By making several runs on the same day and observing on contiguous days (Mercury rotates by about 5 ø per day), we achieved extensive overlap among the individual profiles. The final step in the analysis consisted of collating overlapping profiles and averaging them over 0.15 ø longitude bins to produce a single "composite" profile. Each composite profile spans from 20 ø to 90 ø of longitude and consists of data taken from as many as 11 days of observing. A list of the composite Mercury profiles from 1978-1984 is given in Table 2 .
The surface resolution ("radar footprint") of the altitude measurements is approximately 0.15 ø x 2.5 ø (6.4 x 106 km). The 0.15 ø longitude bin size is roughly equal to the coarsest resolution of the individual profiles and is larger than the maximum longitude smear from planet rotation over an observing run. The latitude resolution is much coarser, as each altitude data point can be influenced by echoes arising from anywhere within roughly a degree to the north or south of the subradar track. Interpretation problems resulting from scat- tering inhomogeneities or altitude gradients within the resolution cell will be treated, where appropriate, in later sections.
Reduction of the radar data to reliable absolute altitudes requires making self-consistent, a posteriori corrections to the altitude profiles using a refined center-of-mass ephemeris for the planet. This has been done for the data obtained from 1978 through 1982, and the profiles from this period are displayed as altitudes relative to a datum level given by the 2439-km-radius reference sphere about the planet's center-ofmass point. This correction has not as yet been made to the (Figure 2b ). This is apparently a signature of the crater Theophanes, which lies 2.5 ø south of the nominal subradar track. This is an extreme case, however, and in most cases we would expect the upward depth bias due to planet curvature to be about 10% or less. We have elected not to correct for the curvature bias because of (1) the potential errors in subradar latitude associated with uncertainties in the true pole position, and (2) the likelihood that this bias will be offset to some extent by underestimation of the rim height.
In Table 3 Despite the subduing effect of the finite radar resolution cell, most of the crater profiles exhibit some evidence of upraised rims. Rim heights of 0.5-1.0 km are typical, while the fresh craters Tyagaraja and Zeami display asymmetric rims rising as much as 1.5 km above the surrounding terrain (see Figure  2c) . Mozart, the largest fresh crater within our radar coverage, has an asymmetric rim structure which is probably influenced strongly by the underlying large-scale topography. There is, however, a distinct break in slope in the radar profiles south and east of Mozart (see Figure 6 ) which correlates well with the edge of Mozart's continuous ejecta blanket as mapped by $chaber and McCauley [1980] . Here the radar profiles indicate a thickness of about 1 km for the rim/ejecta deposits at a distance of 1.2 crater radii from the rim crest.
Interior structure can be discerned for some of the larger craters and basins. For example, the craters Asvaghosa and Yeats both show hints of central peak topography (Figure 2a) . One of the profiles across Mozart (Figures 2c and 6) shows some interior structure which may be indicative of an inner ring, the existence of which is also hinted at by the USGS H-8 shaded-relief map. Mozart appears to have a somewhat bowlshaped floor (Figures 2c and 6, uppermost shows up only as rather subdued breaks in slope on the eastern side of the basin and as a 600-m-high interior peak in the topography on the western side. Homer shares its western rim with a larger, older basin to the west. This unnamed basin is centered at 44øW, 2.1øS and was included along with Mozart and Homer in a survey of large craters and basins by Schaber et al. [1977] . Superposition of ejecta from Homer as well as its highly degraded appearance imply that this basin is quite old.
The basin is 2.2 km deep at its lowest elevation (measured from the rim crest). This is shallower than the 2.8 km depth measured for Homer, although it is likely that the apparent depth of Homer is enhanced by the fact that it lies astride a regional west-facing downslope. Unlike Homer, the basin at 44øW shows no obvious topographic or morphological ring. In addition to the superposition of ejecta from Homer, the interior of this basin has been modified by the impact that formed Titian Crater (see Figures 2a and 2c) . In addition, the interior of the crater Yeats displays a topographic high that may be the signature of an intracrater scarp, although there may also be a contribution from the central peak.
Large Basins
The apparent dearth of large impact structures (diameter greater than 400 km) on Mercury relative to lunar abundances has been discussed by Schaber et al. [1977] . They suggest that this is a result of' either a lower basin production rate or a higher degree of isostatic relaxation than has operated on the moon. Others have discussed the lack of identifiable multiring structures on Mercury compared to the moon or Mars and have emphasized the role that crustal characteristics may have played in the formation of very large impact structures on the terrestrial planets [Wood and Head, 1976; Strom, 1979] . More recently, Spudis and Strobell [1984] claim to have identified a number of degraded multiring structures based on careful photogeologic mapping of massifs and massif chains, arcuate segments of ridges and scarps, rejuvenated crater rims, and regions of anomalously high topography. Topographic information provided by radar allows us to examine and evaluate three large impact structures discussed in these works.
The one large basin identified in both the Schaber et al. A relatively smooth section of radar profile extends from 220 ø to 240øW at 10øN (Figures 2d and 7) , west of the pro- 8ø-11øN, and 330ø-352øW, liøN (Figures 2d and 2e) . A few smaller smooth regions can be seen in the imaged hemisphere. One area east of Asvaghosa Crater actually consists of two plains regions separated by a ridge (Figures 2a and 10) . These plains have been mapped as smooth plains by De Hon et al. [1981] . Smooth, concave areas are also seen at the northern and southern portions of a large basin in the H-7 quadrangle (see Figure 5) . The concave shape of these areas could be the result of basin excavation, but it is more likely to be the result of subsidence (see section 4).
SCARPS AND FAULT ZONES
Scarps are the most distinctive and widespread tectonic features on the surface of Mercury. As defined by Dzurisin [1976 Dzurisin [ , 1978 profile in Figure 10) ; both show significant west-facing downslopes but are asymmetric, with maximum dip on the eastern (shadow) sides. In any event, the radar results suggest that care must be taken in the identification of scarps when using images obtained at only one illumination angle.
The most distinctive large-scale topographic feature on the H-6 quadrangle (Figure 2a) is a 3 km drop in mean elevation that occurs between 30øW and 40øW longitude. The most impressive part of this drop is at 37.5øW longitude in the two profiles at 2.7øN and 4.0øN latitude, just west of Handel Crater. Here most of the 3 km drop occurs within 70 km (1.5 ø of longitude), although some of this west-facing slope is taken up across Handel itself. To the north, a somewhat shallower slope occurs across and to the west of Yeats Crater (10øN). To the south, the high eastern rim and asymmetric profile of Homer Basin (Figures 2a and 4) The major topographic features in the area of the 3 km drop are shown in Figure 11 . As can be seen in this schematic, it appears that the scarps in this region are part of a single system of faults that trends north-south in the northern half of the H-6 quadrangle and is associated with the 3 km drop in mean elevation seen in radar altimetry. This system of topographic features does not correlate well with any of the basin rings of Spudis and Strobell [1984] and any curvature of this structural trend is very slight. Thus, it seems unlikely that this fault system is related to any extremely large impact structure.
Another west-facing slope with a 2 km drop can be seen in two radar profiles at 8øW longitude, 2.0øN and 3.8øN latitude (Figure 2a) . The high side of this slope is the highest absolute altitude that we have measured for the planet (Figure 12 ). Radar altimetry for Mercury shows two major topographic highs in the equatorial zone of the planet. The first extends across the eastern terminator in Mariner 10 images from 350øW to 35øW and resembles a plateau with an abrupt dropoff on its western side. This drop in elevation is associated with an extensive system of faults (see section 6). The second major high area covers a broad region south of Caloris Basin between 160øW and 240øW. Caloris itself is approximately bisected by the Mariner 10 western terminator at 190øW longitude. This high area contains two local topographic lows centered on 180øW and 210øW which correspond to areas of smooth plains. A third, less extensive highlands area can be seen in the more northerly profiles near 310øW in the unimaged hemisphere (Figures 2e and 12) .
The fact that Mercury is in a precise 3'2 spin-orbit resonance indicates that the long axis of the planet's dynamical figure is aligned with the perihelion subsolar points at 0øW Strom [1979] points out, however, that this argument against a Caloris mascon presumes that the final uplift was isostatic. Melosh and Dzurisin [1978a] , offering an alternative to a Caloris mascon, argued that a positive gravity anomaly associated with 400 m of uncompensated material in a 1300-kmwide circum-Caloris smooth plains annulus would suffice to control the planet's dynamical figure. McKinnon [1979] claims that such an annular ring-load would be "substantially compensated" due to its large size, but that some stresses would be set up which would inhibit complete compensation. The apparent similarity between the circum-Caloris smooth plains and lunar maria, strengthened somewhat by the radar evidence for subsidence, establishes a circum-Caloris mascon as a plausible hypothesis. However, the available data (radar and imaging) are insufficient to determine how much of the smooth plains material remains uncompensated.
CONCLUSIONS
The Arecibo radar observations of Mercury provide information on the morphology of surface features with horizontal dimensions ranging from the 50 km scales characteristic of scarps, ridges and moderate-sized craters, to the 1000-2000 km scales of large impact basins and major upland regions. When used in tandem with Mariner 10-derived images and maps, radar altimetry has allowed us to better constrain and more closely examine previous interpretations of the geology of the planet.
Crater depth measurements appear to confirm earlier findings from shadow measurements [Gault et al., 1975; Malin and Dzurisin, 1977] , although the slightly shallower radar depths warrant further study. Both radar and shadow measurements suggest that Mercurian craters are shallower, on the average, than lunar craters. Only one large (800 km) basin has been found to show a radar altimetric signature, the overall shallowness of which suggests significant modification by isostatic relaxation or volcanic filling.
Altimetry over the southern environs of Caloris Basin indicates that the circum-Caloris smooth plains extend well into the unimaged hemisphere. Both imaged and unimaged sections of these plains are strongly down-bowed, suggesting that there has been subsidence under the load of the smooth plains fill. This and other similarities to lunar maria offer evidence, albeit circumstantial, in favor of a volcanic origin for the smooth plains around Caloris. Although the Arecibo data are consistent with the hypothesis that there is an irregular annulus of smooth plains surrounding Caloris Basin, new photographic images of the region to the west of the Mariner 10 terminator will be required to establish this definitively.
Some of the most important results of this study bear upon the tectonic evolution of Mercury. We have obtained altimetric profiles across three features mapped as arcuate scarps. One of these features appears to be a ridge rather than a scarp while the other two features, though showing some crosssectional asymmetry consistent with thrust-faulting, have profiles which are more ridge-like than is suggested by images.
These results should be factored into models that account for such structures as compressional tectonic features. Altimetry has allowed us to document the existence of at least one large fault zone associated with 3 km of reliefi This fault zone also appears to be intimately connected with one of the two broad topographic bulges in the equatorial zone of Mercury. These bulges rise roughly 3 km above the mean equatorial radius and are aligned along an axis within about 10 ø of the so-called "hot poles" of Mercury. These bulges present an interesting alternative to the hypothesis that the smooth plains in or around Caloris control the dynamical figure of Mercury. The question of whether their origin is due to tidal stresses or to some endogenic process is crucial to understanding the tectonic history of the planet.
Radar observations of the equatorial zone of the unimaged hemisphere reveal uplands and lowlands, a number of large craters, and some topographically smooth areas. The topography of this hemisphere shows no marked differences with respect to the imaged hemisphere and no evidence has been found for the existence of another Caloris-type impact structure.
The discussion we have included in this paper is intended to be descriptive and preliminary. There are several areas which warrant more intensive study. Further geophysical modelling of the Caloris region should include the radar topography as a constraint. It is clear, however, that a reasonably complete understanding of this complex and interesting region of Mercury will require an orbiting spacecraft with altimetric, gravimetric, and imaging capabilities. The Arecibo altimetry has provided some new information on the topography of ridges, scarps and faults; more detailed interpretation of these findings is in order. Finally, we note that the possibilities for study of the topography of Mercury with earth-based radar have not been exhausted, and continued observations should be made of the unimaged hemisphere and of areas in the imaged hemisphere deemed interesting on the basis of existing data.
APPENDIX' THE MERCURIAN COORDINATE GRID
Since the spatial resolution of the Arecibo radar altimetry is comparable with uncertainties or inconsistencies in the cartographic grid systems, an assessment of the grid systems is in order.
Longitude Coordinate
The USGS shaded-relief map of the H-6 quadrangle adopts the longitude reference used in the Mariner 10 cartography [Davies and Batson, 1975] , in which the 20 ø longitude meridian is defined as passing through the small reference crater Hun Kal. Davies and Batson [1975] [Davies and Katayama, 1976] . This check showed precise agreement between USGS and Control Net longitudes for the H-6 quadrangle, but that the USGS longitudes were approximately 0.5 ø larger than Control Net longitudes for the H-7 and H-8 quadrangles.
Since the USGS shaded-relief maps provide the best means of interpreting the radar altimetry, it was decided to adjust the Arecibo profiles to conform to the USGS longitudes. Accordingly, the Arecibo profiles on the H-6 quadrangle ( Figure 2a) were shifted east by 0.4 ø, whereas no shift was made to profiles on the other quandrangles.
Latitude Coordinate
Both the Arecibo and USGS coordinate systems follow the IAU convention placing the Mercurian spin axis normal to the orbital plane. The best estimate of the pole position from Mariner 10 data is offset by 2 ø from the IAU pole, with an error oval encompassing the IAU pole [Klaasen, 1976] . Invoking some dynamical studies by Peale [1969] , Klaasen concluded that the spin axis was most likely aligned within approximately 1 ø of the orbit normal. This, then, admits the possibility of errors in subradar latitude of the order of a degree.
